Human rhinovirus (HRV) is the predominant cause of the common cold, but more importantly, infection may have serious repercussions in asthmatics and chronic obstructive pulmonary disorder (COPD) patients. A cell-based antiviral screen against HRV was performed with a subset of our proprietary compound collection, and an aminothiazole series with pan-HRV species and enteroviral activity was identified. The series was found to act at the level of replication in the HRV infectious cycle. In vitro selection and sequencing of aminothiazole series-resistant HRV variants revealed a single-nucleotide mutation leading to the amino acid change I42V in the essential HRV 3A protein. This same mutation has been previously implicated in resistance to enviroxime, a former clinical-stage antipicornavirus agent. Enviroxime-like compounds have recently been shown to target the lipid kinase phosphatidylinositol 4-kinase III beta (PI4KIII␤). A good correlation between PI4KIII␤ activity and HRV antiviral potency was found when analyzing the data over 80 compounds of the aminothiazole series, covering a 750-fold potency range. The mechanism of action through PI4KIII␤ inhibition was further demonstrated by small interfering RNA (siRNA) knockdown of PI4KB, which reduced HRV replication and also increased the potency of the PI4KIII␤ inhibitors. Inhibitors from two different structural classes with promising pharmacokinetic profiles and with very good selectivity for PI4KIII␤ were used to dissociate compound-related toxicity from target-related toxicity. Mortality was seen in all dosing groups of mice treated with either compound, therefore suggesting that short-term inhibition of PI4KIII␤ is deleterious.
H
uman rhinovirus (HRV) is a positive-stranded RNA virus that is a member of the Picornaviridae family with over 133 genotypes classified into three species: HRV-A, HRV-B, and HRV-C (1). HRV is known as the cause of the common cold, but it has been increasingly associated with worsening of symptoms of asthma and chronic obstructive pulmonary disorder (COPD). Eighty to 85% of asthma exacerbations in children (2, 3) and 75% in adults (4) have been associated with viral upper respiratory tract infections (URTI), of which two-thirds are due to HRV. Fifty to 75% of COPD exacerbations are associated with prior viral URTI (5), of which half are due to HRV. Furthermore, in a human experimental HRV challenge model, asthmatics had increased upper and lower respiratory tract symptoms following infection and increased viral loads compared to nonasthmatic subjects infected with the same virus (6) . COPD patients who were experimentally infected with HRV had higher viral loads and developed more severe and prolonged lower respiratory symptoms, airflow obstruction and inflammation than did nondiseased controls (7) . Asthma and COPD patients appear to be less able to clear the viral infection compared to healthy controls. Overall, this indicates that there is a clear and high medical need for the prevention of HRVtriggered exacerbations in asthma and COPD patients.
Over the last few decades, several direct-acting antiviral inhibitors targeting the HRV capsid and protease and inhibitors of viral replication have been identified and examined for clinical development (reviewed in reference 8). The clinical development of rupintrivir, a 3C protease inhibitor, was halted due to lack of efficacy against naturally acquired infections even though it has broad rhinoviral and enteroviral activity in vitro (9, 10 ). An orally bioavailable compound that is similar to rupintrivir was not pursued (9) , presumably due to economic factors. However, the 3C protease remains an attractive target currently at the exploratory level of drug discovery with the identification of broad-spectrum Michael acceptor inhibitors for example (11) .
Enviroxime is an enteroviral inhibitor that acts at the level of RNA replication. Enviroxime had been in clinical development but failed due to poor exposure and lack of efficacy when administered both orally and intranasally (12, 13) . Gastrointestinal side effects were seen in clinical trials with oral administration of enviroxime in an induced HRV infection experimental human model (13) . Sixty percent of patients receiving enviroxime reported side effects of nausea, vomiting, and stomach pain. The intranasal formulation of enviroxime was tolerated well apart from nasal irritation; however, only limited to no efficacy was seen in experimental infection trials (12, 13) . No therapeutic effect of intranasal enviroxime was demonstrated against natural HRV infections (14) . The lack of efficacy of enviroxime when administered intranasally could be due to poor solubility. More recently, it was shown that enviroxime acts by preventing viral replication through inhibition of the phosphatidylinositol 4-kinase III beta (PI4KIII␤) (15) .
Inhibitors targeting viral attachment and uncoating have been well studied in the enteroviral field. Of these, the capsid-binding inhibitor pirodavir was not effective in the treatment of natural infections when it was administered intranasally (13, 16) . Furthermore, the development of the capsid-binding inhibitor pleconaril was halted because it had clinical efficacy only against drug-susceptible viruses and induced the cytochrome P450 3A4 enzymes (17, 18) . Patients whose baseline virus isolate susceptibility was Ͼ1 M did not benefit from pleconaril treatments, and 21% of subjects in this trial were in this category (18) . Currently, the only HRV inhibitor in clinical development is vapendavir (BTA798), which is an analog of pirodavir. Preliminary results from a phase II trial showed that oral vapendavir reduced asthma symptoms (19) ; however, it has been reported that vapendavir is not effective against all HRV genotypes (20) .
The overall lack of efficacy of capsid-binding inhibitors against natural infections highlights the genetic diversity seen in the capsid genes and that not all HRV genotypes are susceptible to capsidbinding inhibitors. Wider use of molecular diagnostics has led to a recent reappraisal of HRV genetic diversity, including the discovery of HRV clade or species C that is refractory to traditional virus laboratory propagation procedures (21, 22) . Currently, there are more than 33 genotypes of HRV-C based on the nucleotide sequence of the VP1 capsid, with another 28 provisional types based on partial VP4/VP2 sequences (1) . Recently, cell culture models for HRV-C infection have been established in primary human nasal epithelial cells and organs (23) (24) (25) . It was demonstrated that replication of one HRV-C genotype (C15) could be inhibited by rupintrivir but not by pleconaril (25) , further demonstrating the need for molecules that have mechanisms that are different from that of the capsid binders.
There is mounting evidence that HRV-C is an important trigger of exacerbations in asthmatics. Most HRV-C disease association studies, which are typically focused on children from asthmatic and/or hospital-based populations, have demonstrated a similarly broad range of clinical outcomes as observed in HRV-A and HRV-B infections (26, 27) . However, some studies provide evidence for a more frequent role of HRV-C in lower respiratory tract disease, febrile wheeze in infants, and asthma exacerbations in children (21, (28) (29) (30) . Moreover, recently it was shown in a birth cohort where nasal mucous samples were collected and screened by PCR and sequencing during scheduled and sick visits during the first year of life that HRV-A and HRV-C were more likely to cause moderate to severe illness than HRV-B (31).
We set out to identify pan-species active HRV inhibitors with both known and new mechanisms of action by screening a subset of our proprietary collection against HRV. Virus-induced cytopathic effect (CPE)-based cell protection assays for HRV-B14 and HRV-A16 were established in 384-well format for primary screening. Then other genotypes of rhinoviruses and enteroviruses were used for profiling in the same assay format. An HRV-C reporter replicon assay was established in order to assess the pan-species activity of our compounds. Hits were binned based on preliminary mechanism of action studies and one pan-active hit with an unknown mechanism of action was explored and is the focus of this study.
MATERIALS AND METHODS
Virus and cell lines. Virus HRV-B14 (VR284), HRV-A16 (VR283), HRV-A1A (VR1559), HRV-A2 (VR482), HRV-A8 (VR488), HRV-A39 (VR340), HRV-A45 (VR1155), HRV-A54 (VR1661), HRV-A89 (VR1199), HRV-B5 (VR485), CVA21 (coxsackievirus group A) (VR850), enterovirus 68 (EV68) (VR1197), and EV70 (VR836) were obtained from ATCC. H1-HeLa cells were obtained from ATCC (CRL-1958) and maintained in a complete medium, minimum essential medium (MEM) (catalog no. 11095; Invitrogen) supplemented with 10% fetal bovine serum (FBS) (catalog no. SH30396-03; HyClone). MRC-5 cells were obtained from ATCC (CCL-171) and maintained in a complete medium, Dulbecco's modified Eagle medium (DMEM) (catalog no. 11995-065; Invitrogen) supplemented with 10% FBS. A549 (CCL-185), BEAS-2B (CRL-9609), Calu-3 (HTB-55), HeLa (CCL-2), rhabdomyosarcoma (RD; CCL-136), and WI-38 (CCL-75) cells were obtained from ATCC and maintained as specified by ATCC. Normal human bronchial epithelial cells (HBEC) were obtained from Lonza (CC-2540) and propagated in BEBM (bronchial epithelial basal medium) (CC-3171; Lonza) supplemented with BEGM Singlequots (supplements and growth factors) (CC-4175; Lonza) (HBEC growth medium) for undifferentiated single-layer culture according to Lonza's cell culture specifications. During differentiation and once differentiated, HBEC cells were grown in 12-well Transwell plates at the air-liquid interface (ALI) in 0.5ϫ DMEM medium, 1ϫ BEBM medium with BEGM Singlequots supplemented with 0.03 g/ml of all-trans retinoic acid (ATRA) (catalog no. R2625; Sigma) (HBEC differentiation medium).
When H1-HeLa cells were used to propagate virus, MEM was supplemented with 5% FBS (assay medium), and infected cells were incubated at 34°C with 5% CO 2 (CVA21-infected H1-HeLa cells were incubated at 37°C with 5% CO 2 ) until a complete cytopathic effect (CPE) was observed, typically after 3 days, at which point the virus was collected. The titers of the virus were determined by infecting H1-HeLa cells seeded the day before at 25,000 cells/well with serial dilutions of virus in a 96-well plate. The plates were incubated for 3 days at 34°C (or 37°C for CVA21) with 5% CO 2 . CPE was monitored by crystal violet staining, and absorbance was measured at 570 nm. The titers of virus were calculated using the 50% tissue culture infective dose (TCID 50 ) method (32) . Enterovirus (EV) was amplified in MRC-5 cells in the presence of 5% FBS and 1ϫ nonessential amino acids (NEAA) (assay medium). Infected cells were incubated at 37°C with 5% CO 2 until a complete CPE was observed, typically after 4 days. Virus was then collected, and the titers of the virus were determined on MRC-5 cells as described above for HRV.
Animals. All protocols involving animal experimentation were reviewed and approved by the Institutional Animal Care and Use Committee and in compliance with the Guide for the Care and Use of Laboratory Animals (33) put out by the Canadian Council of Animal Care. Female CD-1 (18 to 20 g) and female SJL Elite mice (16 to 18 g) were purchased from Charles River Laboratories, Inc. Animals were housed under a 12-h light and dark cycle, with free access to food (Agribrands; 18% crude protein) and water.
Viral replication assay. Activity of inhibitors against HRV, CVA21, and EV was measured using a CPE-based cell protection assay based on the literature (9) . Briefly, 18,750 H1-HeLa or MRC-5 cells were seeded in clear 384-well plates (catalog no. GR781098; Greiner) in a volume of 30 l of assay medium. Inhibitors were serially diluted in dimethyl sulfoxide (DMSO) and diluted further with medium, and 10 l was added to each well in order to achieve the desired concentration and a final DMSO concentration of 0.6% in the assay. Cells were infected with 30 l of virus diluted in assay medium in order to achieve the desired multiplicity of infection (MOI) and signal-to-background ratio of five in a final assay volume of 70 l. For example, HRV-A16 is typically used at an MOI of 0.08, and HRV-B14 is typically used at an MOI of 0.008. HRV-infected cells were incubated at 34°C with 5% CO 2 for 72 h. CVA21-infected cells were incubated at 37°C and 5% CO 2 for 72 h. EV-infected cells were incubated at 37°C and 5% CO 2 for 96 h. CPE was evaluated by measuring cell viability through the addition of 10 l of a 1:20 mixture of MTS and PMS. MTS stands for 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, and PMS stands for phenazine methosulfate. MTS was from Promega (catalog no. G1111), and PMS was from Sigma (catalog no. P9625). The plates were incubated at 37°C with 5% CO 2 for 2.5 h. The plates were read on an Envision plate reader (PerkinElmer) using absorbance at 492 nm for detection. The percent inhibition was calculated for each inhibitor concentration and used to determine the concentration that resulted in 50% inhibition of viral replication (EC 50 ). The cytotoxicity of each compound was assessed in parallel using the same assay without the addition of virus in order to determine the concentration that resulted in 50% inhibition of cell viability (CC 50 ).
The activities of compounds against a panel of enteroviruses were assessed in CPE-based assays in the laboratory of Johan Neyts at the Katholieke Universiteit Leuven (KU Leuven), Leuven, Belgium as described previously (31, 34) . Assays used the following virus and cell line combinations: CVB3 Nancy/Vero; CVB4 E2 Edwards/Vero; echovirus 11 Gregory (buffalo green monkey); EV71 BrCr (RD), poliovirus 1 Sabin (buffalo green monkey).
HRV qRT-PCR assay. HRV quantitative reverse transcription-PCR (qRT-PCR) assay was performed based on the literature (35) using the following probes and primers: 5= HRV PCR primer, 5=-CTA GCC TGC GTG GC-3=; 3= HRV PCR primer, 5=-GAA ACA CGG ACA CCC AAA GTA-3=; HRV probe, 5=-/6-FAM/TCC TCC GGC CCC TGA ATG CGG C/6-TAMSp/-3= where 6-FAM is 6-carboxyfluorescein and 6-TAMSp is 6-carboxytetramethylrhodamine. After infection, total RNA was extracted from infected cells using Qiagen RNeasy 96 kit according to the manufacturer's protocol. qRT-PCR was performed in 96-well plates using 5 l of extracted RNA, 10 M each of the 5= and 3= HRV PCR primers, 5 M HRV probe with appropriate amounts of reagents from the TaqMan EZ RT-PCR kit in an Applied Biosystems (ABI) 7500 real-time PCR system. Serial dilutions of in vitro-transcribed HRV-B14 RNA were used to generate a standard curve. HRV replication was expressed as the number of copies per microgram of total RNA by correcting for the total amount of RNA present per well. Total RNA present in each well was measured using the RiboGreen RNA quantification kit (Molecular Probes/Invitrogen).
HBEC viral replication assays. Undifferentiated HBECs were seeded in growth medium in a 96-well plate 1 day prior to infection at a density of 45,000 cells/well and incubated at 37°C with 5% CO 2 overnight. The medium was aspirated and replaced with an HRV-B14 viral suspension of 65 l in MEM with 5% FBS (in order to infect at the desired MOI) and supplemented with 55 l of HBEC cell growth medium and adsorbed at 34°C with 5% CO 2 for 3 h with gentle rocking. Virus was aspirated, and the cells were washed with phosphate-buffered saline (PBS). Inhibitors were serially diluted in DMSO and added to the infected cells with HBEC growth medium in order to obtain a final DMSO concentration of 0.6% in a 122-l assay volume. The plates were incubated at 34°C with 5% CO 2 for 72 h. In order to measure compound potency, HRV RNA replication in HBEC was determined by qRT-PCR. The percent inhibition was calculated for each inhibitor concentration and used to determine the concentration that results in 50% inhibition of HRV viral replication (EC 50 ).
In order to differentiate HBEC, undifferentiated HBECs were seeded on the apical side of a 12-well Transwell plate (catalog no. 3460; Corning) at a density of 100,000 cells/well in 500 l of HBEC cell differentiation medium, and 1 ml of HBEC differentiation medium was added to the basolateral side of each well. Transwell plates were incubated at 37°C with 5% CO 2 , and the medium was changed every 2 days. After 7 days in culture, the medium was removed from the apical side, and the cells were left at the ALI to differentiate. Cellular differentiation was monitored with an EVOM 2 epithelial voltohmeter (World Precision Instrument) with an STX2 electrode in order to measure the transepithelial electrical resistance (TEER). After 13 days at the ALI, differentiated HBEC were infected. Before the cells were infected, the cells were washed 5 times with 200 l of HRV assay medium in order to remove all mucus present on the cells. HRV-B14 was diluted in HRV assay medium, and 200 l of diluted virus was distributed to the apical side of each well. Inhibitors were serially diluted in HBEC differentiation medium, and 1 ml was distributed to the basolateral side of each well (final DMSO concentration of 0.6%). The plates were incubated for 3 h at 34°C with 5% CO 2 . Infected cells were then washed twice with HRV assay medium before being put at the ALI. The plates were incubated at 34°C with 5% CO 2 for 72 h, and antiviral potency was determined as described above for the HBEC assay in undifferentiated cells.
HRV full-length and subgenomic reporter replicon construction and replication assay (EC 50 ). HRV-B14 infectious cDNA pWR3.26 (VRMC-7) and HRV-A1 infectious cDNA pR16.11 (VRMC-8) were obtained from ATCC. The aminothiazole series resistance mutation I42V was inserted into HRV-B14 pWR3.26 by site-directed mutagenesis using QuikChange II site-directed mutagenesis kit (Agilent).
Full-length HRV-C15 W10 LUC (LUC stands for luciferase) was synthesized at DNA 2.0. In order to establish a reporter-based replication assay with HRV-C15 W10 (GenBank accession no. GU219984.1), a T7 RNA promoter and a humanized firefly luciferase reporter gene and a 3CD cleavage site (GGGALFQG) were introduced before the 5= end of VP4. A BstBI restriction site was added at the 3= end of the 3D polymerase after the 29-nucleotide poly(A) tail in order to permit linearization and in vitro transcription of HRV-C15 W10 LUC. RNA was in vitro transcribed using the T7 Ribomax RNA transcription system (Promega) and transfected into H1-HeLa cells by electroporation following the procedure described previously (36) . Transfected cells were immediately seeded at a concentration of 13,000 cells per well in a 384-well white Greiner plate in MEM (lacking phenol red) with 10% FBS and 1ϫ NEAA. Inhibitors were serially diluted and added to cells in order to achieve the desired concentration and a final DMSO concentration of 0.6%. The plates were incubated at 34°C with 5% CO 2 for 24 h. Twenty microliters of BrightGlo reagent (Promega) was added to each well, and luminescence was measured using an Envision plate reader. The percent inhibition was calculated for each inhibitor concentration and used to determine the concentration that resulted in 50% inhibition of HRV-C15 W10 replication (EC 50 ).
Subgenomic replicons of HRV-B14 and HRV-A16 were constructed based on the literature (36) . Briefly, using full-length cDNA of each virus, capsid VP4-VP2 and part of VP3 genes were replaced by a humanized firefly luciferase reporter gene. The 71 C-terminal amino acids from VP3 were kept, and a 3CD cleavage site (GGGALFQG) was introduced between the reporter gene and the remainder of VP3, generating the subgenomic HRV-B14Luc and HRV-A16Luc DNA constructs. The HRVB14Luc and HRV-A16Luc subgenomic replicons were linearized with SacI and MluI restriction enzymes, respectively. RNA was transcribed using the T7 Ribomax RNA production system (Promega) and transfected by electroporation into H1-HeLa cells by the same protocol used for HRV-C15 W10 LUC. The assay conditions used for HRV-C15 W10 LUC were used to generate EC 50 with HRV-B14Luc and HRV-A16Luc.
Mechanism of action studies. Time of addition and time of removal assays based on the literature (10) were performed using the CPE-based antiviral HRV-A16 assay described above with the following modifications where the compounds were added or removed at time Ϫ1, Ϫ0.5, 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 24, and 48 h postinfection. H1-HeLa cells were seeded at 25,000 cells/well in a 96-well plate 18 h before the experiment and infected with HRV-A16 at an MOI of 5 by adsorbing the virus for 2 h at 34°C with 5% CO 2 . The infected cells were then washed twice with PBS, and then medium or medium with compound at 10ϫ EC 50 and a final DMSO concentration of 0.6% was added to the cells. The assay was ter-minated 48 h postinfection by the addition of 20 l of MTS-PMS (1/20), the plates were incubated at 37°C with 5% CO 2 for 3.5 h, and the absorbance at 492 nm was read on an Envision plate reader (PerkinElmer).
An assay to determine whether the compounds stabilize the virus against heat inactivation was developed based on the literature (37) . Briefly, the HRV-A16 virus (2.5 ϫ 10 5 TCID 50 /ml) was incubated with compounds at a concentration of 10ϫ EC 50 or 100ϫ EC 50 for 1 h at room temperature in a volume of 300 l. One hundred microliters was removed from each sample for unheated control, and the remaining samples were heated at 56°C for 6 min. Samples were quickly cooled by diluting 1/10 in room temperature MEM with 5% FBS. The titers of the virus were determined in all samples by serial dilution and by infecting H1-HeLa cells seeded the day before at 25,000 cells/well in a 96-well plate. Virus was adsorbed for 2 h at 34°C with 5% CO 2 , the cells were then washed twice with PBS, and then medium was added to the cells. The plates were incubated for 3 days at 34°C with 5% CO 2 , and the titers of the virus were calculated as indicated above.
HRV variants were isolated in vitro in the presence of increasing compound concentrations as described previously (38) . Briefly, 6.5 ϫ 10 5 H1-HeLa cells were seeded in 12-well plates and initially infected with HRV-B14 at an MOI of 0.1 in the presence of 3.5ϫ the EC 50 of compound 1 or an analog from the aminothiazole series. Supernatants were collected when the CPE reached at least 50%. The supernatant (0.2 to 0.5 ml) was used to reinfect fresh H1-HeLa cells. Virus was adsorbed for 2 h at 34°C with 5% CO 2 , the cells were washed twice with PBS, higher concentrations of compound (1ϫ to 3ϫ) were added to the cells, and the cells were monitored for the development of CPE. The resistance study was performed over 30 days, reaching a concentration of 20ϫ EC 50 . All supernatants were clarified by filtration (0.2 m) and were used immediately or stored at Ϫ80°C for subsequent rounds of infection, population sequence analysis, or antiviral susceptibility testing. Viral RNA was extracted from the supernatant using the Qiamp viral RNA extraction kit (Qiagen) according to the manufacturer's protocol. The entire genome of HRV-B14 was amplified using the one-step RT-PCR system with Platinum Taq HiFi kit (Invitrogen) and sequenced.
Kinase assays. PI4KIII␤ and PI4KIII␣ activities were assessed in kinase assays as described previously (39) . Assays for an extensive panel of lipid and protein kinases were performed by Invitrogen Corporation (SelectScreen Kinase Screening Service).
qRT-PCR for lipid kinase. RNA was isolated from cells using the RNeasy 96 kit or RNeasy minikit (Qiagen). The total RNA concentration was determined with the RiboGreen RNA quantification kit (Molecular Probes/Invitrogen) using a standard curve of rRNA. The TaqMan EZ RT-PCR kit (ABI) was used to perform qRT-PCRs on an ABI 7500 realtime PCR system. Lipid kinase RNA transcripts were quantified using the TaqMan gene expression assay kits (ABI) containing gene-specific probes and primer sets. Serial dilutions of untreated cellular RNA from all the cell lines were used to generate a standard curve for each gene-specific expression analysis to determine relative changes in transcript levels.
PI4KIII␤ immunoblotting. Cells were lysed in K buffer (20 mM HEPES [pH 7.4], 150 mM NaCl, 5 mM MgCl 2 ) supplemented with 0.1% Triton X-100 and protease inhibitor cocktail (catalog no. 118336170001; Roche). Protein concentration was determined using Bradford reagent, and equal amounts of protein (30 g) were resolved by electrophoresis using a 12% SDS-polyacrylamide gel (Nupage Novex Tris-acetate minigel; Life Technologies) and then electroblotted onto a nitrocellulose membrane (Hybond-ECl; GE Healthcare). The membrane was blocked with 3% bovine serum albumin (BSA) in PBS-0.1% Tween 20 and probed with a polyclonal antibody against PI4KIII␤ obtained from Abgent (catalog no. AP8030A). After extensive washing in PBS-0.1% Tween 20, blots were probed with the appropriate horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) and washed, and protein was detected by enhanced chemiluminescence (ECL plus Western blotting detection system; GE Healthcare). siRNA knockdown. On-Targetplus SMARTpool small interfering RNAs (siRNAs) were obtained from Dharmacon/Thermo Scientific (PI4KA, catalog no. L-006776-00; PI4KB, catalog no. L-006777-00; PIK3CD, catalog no. L-006775-00; PIK3C2A, catalog no. L-006771-00) and irrelevant siRNA (IRR) was obtained from Qiagen (GL2 luciferase, catalog no. 1022070). The transfection agent was DharmaFECT 4 from Dharmacon/Thermo Scientific, and Opti-MEM I reduced serum medium (Invitrogen) was used to dilute siRNA and transfection agent. siRNAs (10 nM) were transfected according to the manufacturer's protocol 24 h after seeding H1-HeLa cells at 10,000 cells/well in assay medium in 96-well plates. After 72 h of incubation at 37°C with 5% CO 2 , the cells were transfected with siRNA a second time. The cells were then infected with HRV-B14 (MOI of 0.05 or 0.005) with or without compounds serially diluted in DMSO (final concentration of 1%). A plate of mock-infected cells was prepared in parallel in duplicate for determination of the level of knockdown of lipid kinases by qRT-PCR and cytotoxicity. Plates of infected or mock-infected cells were incubated at 34°C with 5% CO 2 . Seventy-two hours postinfection, viral replication and cytotoxicity were assessed by the addition of 20 l of MTS-PMS (1/20) and incubation at 37°C with 5% CO 2 for 3.5 h, and the absorbance at 492 nm was read on an Envision plate reader (PerkinElmer). While very little siRNA-dependent cytotoxicity was observed, the viral replication data were corrected for cytotoxicity before data were expressed as percent HRV infection compared to treatment with IRR siRNA.
PK in CD-1 and SJL mice. For studies of CD-1 mice, dosing suspensions of T-00127-HEV-1 and compound 2 were prepared in 1% N-methyl-2-pyrrolidone, 0.3% Tween 80, and 0.5% methylcellulose in water. Single doses of 5, 50, and 250 mg/kg of body weight were administered orally at a dosing volume of 10 ml/kg. Blood samples (100 l) were obtained via mandibular cheek puncture and collected into lithium heparinized microcuvettes (Sarstedt) at various time points (0.25, 0.5, 1, 2, 4, 6, 8, and 24 h). The samples were centrifuged at 8,000 rpm and 4°C for 8 min, and plasma samples were transferred and frozen at Ϫ20°C pending analysis. At each time point, plasma compound concentrations from 4 different animals were averaged, and a single composite pharmacokinetic (PK) profile was generated. PK parameters were determined following noncompartmental analysis with ToxKin 3.3.0 software (Boehringer Ingelheim, Unilog AG).
Dosing suspensions were prepared daily as described above for SJL Elite mice. The mice were dosed orally (10 ml/kg) once a day (q.d.) for 7 days at 50 and 250 mg/kg. Blood samples (100 l) from groups of 4 animals were obtained via mandibular cheek puncture on days 1, 3, and 7 at 0.5, 1, 4, 8 and 24 h and processed as described above.
In order to extract plasma, an aliquot of plasma (5 or 10 l) was mixed with 350 l of acetonitrile-water (1:9, vol/vol)-2% formic acid. The mixture was loaded onto Phenomenex Strata X-C 30-mg/1-ml cartridges (Phenomenex) previously conditioned with 1 ml of methanol followed by 1 ml of water-2% formic acid. The cartridges were washed with 1 ml of water-2% formic acid, 3 times with 1 ml of acetonitrile-water (1:9, vol/ vol)-2% formic acid, and 500 l of methanol. Compound 2 and T-00127-HEV1 were eluted with 1 ml of methanol-5% ammonium hydroxide. The eluate was evaporated under a nitrogen stream using Turbo Vap evaporator (Zymark) at 45°C. The residue was reconstituted in 100 to 150 l of acetonitrile-water (1:3, vol/vol), and 2 l was injected for liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analysis.
Both drugs were analyzed using LC-MS/MS on a TSQ Vantage system (Thermo Scientific) with an electrospray ionization source (ESI) in positive ionization mode. T-00127-HEV1 was separated on an Xbridge C 8 column (2.1 by 30 mm; 5 m; Waters, Milford, MA, USA), while compound 2 was separated using an Atlantis dC 18 column (2.1 by 30 mm; 5 m; Waters). A generic fast gradient method was applied to the two compounds but using different mobile phases. For T-00127-HEV1, the mobile phases consisted of mobile phase A (water-0.1% formic acid) and mobile phase B (acetonitrile-methanol [1:1, vol/vol]-0.1% formic acid). For compound 2, mobile phase B was replaced by acetonitrile-0.1% formic acid. The gradient was initially held for 0.1 min at 10% mobile phase B, followed by a 1. 
RESULTS

Screening of a diverse subset of the proprietary collection identifies pan-HRV species active aminothiazole series with a new mechanism of action.
A cell-based antiviral screen against HRV was completed with a 98,000-compound clustered subset of the Boehringer Ingelheim compound collection that was cherrypicked from the full proprietary collection using diversity and drug-like properties as criteria. Specifically, 98,097 compounds were evaluated for antiviral activity against HRV-B14 with an average plate Z= of 0.9 and average plate Z of 0.76, where Z (full plate) and Z= (controls only) are screening window coefficients that are calculated as follows: Z ϭ 1 Ϫ [(3SD of sample ϩ 3SD of control)/|mean of sample Ϫ mean of control|]. The overall hit rate was 1.4% at greater than 20% inhibition. Single-point confirmation of primary hits was done on 1,361 compounds against HRV-B14 and HRV-A16 as well as cytotoxicity on H1-HeLa cells. A total of 167 compounds matched the hit selection criteria against both HRV-B14 and HRV-A16 and were noncytotoxic (less than 25% inhibition). Twenty hits exhibited activity against an initial panel of six HRVs. These 20 HRV antiviral screen hits underwent further profiling and prospecting to eliminate hits based on cytotoxicity against a panel of cell lines, lack of productive structureactivity relationship (SAR), and lack of potential for activity against the initial panel of six HRV genotypes. This resulted in the removal of six hits. None of the 20 hits displayed activity in the in vitro assays of HRV 3D pol RNA polymerization or HRV 3C protease (data not shown). Furthermore, preliminary mechanism of action studies were performed aiming at identifying and removing 13 traditional capsid binding-like inhibitors that interfere with attachment and uncoating of the virus (time of addition, time of removal, heat stabilization, and activity against HRV-A45 and HRV-B5). These capsid-binding inhibitors were removed due to the lack of activity against the initial panel of 6 HRVs.
One series remained after this exercise, exemplified in Fig. 1A  by compounds 1 and 2 . This aminothiazole series appeared to have a unique mechanism of action acting later in the HRV infectious cycle at 6 h postinfection (in a single-cycle viral replication assay). This aminothiazole series was optimized for activity against HRV and had no cytotoxicity as demonstrated by compound 1 with an antiviral potency ranging from 110 to 480 nM against 10 HRV genotypes of species A and B, and the CC 50 was Ͼ64 M (Table 1) . Design, synthesis, and chemical optimization of this aminothiazole series is described elsewhere (65) . Compounds within this aminothiazole series proved active against subgenomic luciferase reporter HRV-A16Luc and HRV-B14Luc replicons as well as a full-length HRV-C15 W10 LUC reporter replicon (exemplified by compound 2 in Table 2 ), further demonstrating that this series is acting at the intracellular replication stage of the HRV infectious cycle.
In addition to the HRV antiviral assays that were established in immortalized cell lines (H1-HeLa, HeLa, WI-38, rhabdomyosarcoma, and BEAS-2B), HRV-B14 antiviral assays with a qRT-PCR readout were also developed in both undifferentiated and differentiated primary human bronchial epithelial cells (HBEC). The aminothiazole series shows antiviral potency in the same range in the primary HBEC (exemplified by compound 1 in Table 2 ).
Compounds are acting through the lipid kinase phosphatidylinositol 4-kinase III beta. In order to aid the elucidation of the mechanism of action of this series, selection of compound-resistant variants of HRV-B14 was achieved by passaging HRV-B14 in H1-HeLa cells in the presence of two compounds from this series for 30 days reaching 20ϫ EC 50 . Population sequencing revealed that the resistant variants all contained a single-nucleotide mutation encoding the substitution I42V in the HRV 3A protein. This same mutation has been previously reported to confer resistance to enviroxime, an antipicornaviral agent that acts at the stage of viral RNA replication (40) . The I42V mutation was reverse engineered into the full-length HRV-B14 replicon, and virus was produced. Surprisingly, no shift in antiviral potency was seen in the comparison of wild-type viruses to mutant viruses in the regular HRV CPE-based assay. Published data suggested that the mutations that seemed to confer resistance to enviroxime did not confer a very high resistance level (41) . In order to assess the resistance potency of the mutation, a different approach was taken. The mutant virus, as well as the wild-type HRV-B14 virus, was grown in the presence or absence of compounds for 24 h at 10ϫ EC 50 . After a 2-h adsorption and wash, the titers of the produced progeny virus were then determined on H1-HeLa cells. The I42V mutant virus grew to the same titer as the wild-type virus in the absence of compounds. In the presence of compound, the mutant virus produced 1,000ϫ more virus than the wild-type virus, confirming that the mutations did in fact confer resistance to the aminothiazole series (Fig. 1B) . However, the lack of a shift in antiviral potency suggested that the resistance level was low, pointing toward a cellular target.
In order to determine the pharmacological profile of these compounds, an Invitrogen protein and lipid kinase screen was run. The aminothiazole series showed very high inhibitory activity against the lipid kinase PI4KIII␤ (Fig. 1C) . The 50% inhibitory concentrations (IC 50 s) of 80 HRV compounds, which cover a broad potency range and represent all key elements of the structure-activity relationship, were determined in PI4KIII␣ and PI4KIII␤ assays, and a good correlation between PI4KIII␤ activity, HRV antiviral potency, and HRV replicon activity was observed (HRV-A16 [ Fig. 1D] ) (HRV-B14 data not shown). No correlation was seen with PI4KIII␣ activity, and indeed the majority of compounds were not active (data not shown; see Table 3 for examples of compounds). While this work was being conducted, a study was published showing that the target of enviroxime-like compounds is PI4KIII␤ (15) . The compound identified in this study (T-00127-HEV) was synthesized and had comparable activity to compounds 1 and 2 of the aminothiazole series in all antiviral and kinase assays (Tables 1, 2, and 3) .
Notably, prior to our identification of this series, a variety of 50 and CC 50 data are averages of three to eight experiments (Ϯ standard deviations) except for PIK93, which was tested once in this assay format. b ND, not determined.
lipid kinase inhibitors had been tested in our HRV antiviral assays, and only PIK93 was shown to be active (Table 2 and data not shown). PIK93 is a relatively nonspecific lipid kinase inhibitor that has been shown to inhibit enteroviral infection (Table 2 and Fig.  1C ) (42, 43) . The lack of activity of the other specific protein and lipid kinase inhibitors demonstrates the importance of specificity for PI4KIII␤ for inhibiting HRV.
Confirmation of mechanism of action of aminothiazole series through siRNA knockdown of PI4KIII␤. The expression of PI4KIII␤ was confirmed by monitoring the presence of RNA and protein in all cell lines tested ( Fig. 2A) . The mechanism of action of the aminothiazole series through PI4KIII␤ inhibition was further demonstrated by siRNA knockdown of PI4KIII␤, which reduced the ability of HRV to cause a cytopathic effect on H1-HeLa cells (Fig. 2B and C) . This effect was more evident at lower MOIs than higher MOIs (30% protection at an MOI of 0.05 and 80% protection at an MOI of 0.005) and was not observed with siRNA knockdown of other lipid kinases, even though all lipid kinases were knocked down by at least 80% as determined by gene-specific qRT-PCR (data not shown). Moreover, PI4KIII␤ knockdown increased the potency of compounds from this aminothiazole series by 13-fold (Fig. 2C) .
Compounds identified with high PI4KIII␤ specificity and enteroviral activity and good pharmacokinetics. Compound 2 was completely profiled in a panel of 277 protein kinases and 8 lipid kinases (not including PI4KIII␣ and -␤) ( Table 3 ). As found with other members of this series, an excellent specificity for PI4KIII␤ versus other lipid and protein kinases was observed. For the few instances where minor inhibitory activity (ϳ50%) was observed at 10 M in the Invitrogen panel screen, the full concen- tration response testing was performed and IC 50 s on the order of 2 to 5 M were obtained for the protein kinases (STK17A and MSK2 [ Table 3 ]) and IC 50 s on the order of 6 to 12 M were obtained for the lipid kinases (PIK3C2A and PIK3C2B [ Table 3 ]).
In view of the limitations of the current HRV pharmacological models, we assessed the potential in vivo efficacy of the aminothiazole series in a coxsackievirus (CVB4) mouse pancreatitis model in SJL mice. In order to distinguish between compound-related toxicity and target-related toxicity, the structurally distinct compound 2 and T-00127-HEV1 were chosen for further profiling. Based on the reported profiles of other PI4KIII␤ inhibitors (15) and the profiles of compounds from our series, which have antiviral activity against coxsackievirus A21 (CVA21) and enterovirus 70 (EV70) ( Table 4 and data not shown), it was expected that such compounds would have antiviral activity against all enteroviruses. Compound 2 and T-00127-HEV1 were evaluated in a larger panel of CPE-based assays and were found active against each virus of the panel of enteroviruses (Table 4) . Specifically, compound 2 has an EC 50 of 120 nM against CVB4. Furthermore, both compound 2 and T-00127-HEV1 showed a maximum concentration of compound in serum (C max ) of Ͼ10 M following a single oral dose of 50 mg/kg in CD-1 mice (Table 5) . Overall, compound 2 and T-00127-HEV1 are potent and selective compounds that would allow for a toxicological assessment of PI4KIII␤ inhibition.
Repeat dosing in SJL mice suggests that short-term inhibition of PI4KIII␤ is deleterious. Compound 2 and T-00127-HEV1 underwent repeat dosing studies in SJL mice, and PK and tolerability were assessed over 7 days. The SJL mice were dosed orally once per day at 50 and 250 mg/kg. As evidenced in the survival graph (Fig. 3) , effects were seen on survival with both compounds from different structural classes. Moreover, all animals dosed with 250 mg of compound 2 per kg were euthanized 4 h after dosing for ethical reasons. At all tested doses with both compounds, animals showed signs of ruffled fur, weakness, and, at higher concentrations, difficulty breathing ( Table 5 ). The deleterious effects were dose related as evidenced in the pharmacokinetic oral daily dosing profile (Table 5 ). In addition, toxicity was related to potency in that T-00127-HEV1 is 3ϫ less potent than compound 2 and less mortality was observed. In the absence of an adequate safety margin, we did not pursue further in vivo experiments.
DISCUSSION
In order to identify highly potent compounds with broad HRV antiviral activity, we screened a subset of our proprietary collection with the goal of identifying novel targets. We identified an aminothiazole series of compounds that prevented HRV replication by inhibiting PI4KIII␤. Hijacking of lipid kinases has become a common theme in viral pathogenesis (reviewed in references 44 and 45). While we were conducting this research, several groups published on the link between enteroviral replication and PI4KIII␤ including the identification of nonspecific (e.g., PIK93) and specific PI4KIII␤ inhibitors (e.g., T-00127-HEV1) (15, 42, 46, 47) . Moreover, PI4KIII␣ or PI4KIII␤ has been shown to be essential for the replication of other viruses such as hepatitis C virus, West Nile virus, and coronavirus (39, (48) (49) (50) (51) (52) (53) .
The identification of this novel target for drug discovery is balanced by the fact that these lipid kinases have multiple and not necessarily interchangeable roles in the cell (reviewed in reference 54). Type III PI4Ks are involved in membrane trafficking, and specifically PI4KIII␤ is involved in regulating the transport and exit of cargo from the Golgi complex (55, 56) . Moreover, the yeast homolog of PI4KIII␤, PIK1, is an essential gene (57) . A recent study suggests that PI4KIII␤ preserves lysosomal identity, and the absence of PI4KIII␤ or kinase activity leads to abnormal formation of tubular structures at the lysosomal surface through which lysosomal constituents are lost (58) . The rationale and the exact role of phosphatidylinositol 4-phosphate (PI4P) lipids in enterovirus replication remain unknown, but PI4KIII␤ appears to be involved in creating a site for viral RNA replication. Different viruses, even within the Picornaviridae family, appear to use different strategies to recruit PI4KIII␤ (42, 46, 47) . As has been found by others (40, 59), we identified resistance mutations in HRV's 3A protein upon sequential passaging of virus in the presence of increasing concentrations of compounds from our PI4KIII␤ inhibitor series. The I42V resistance mutation in 3A was the first evidence that the mechanism of action of the compound series under investigation was similar to the mechanism of action of enviroxime. While we demonstrated that the reverseengineered I42V HRV produced 1,000 times more virus than the wild-type virus in the presence of compound, another group recently demonstrated that similar mutations in the 3A gene of CVB3 enable these mutant viruses to replicate efficiently in cells depleted of PI4KIII␤ (60) . Moreover, the 3A mutants did not use other PI4K isoforms or did not recruit PI4P to the site of viral replication, although PI4KIII␤ was still recruited by the 3A mutants in the presence and absence of PI4KIII␤ inhibitors.
Notably, no cytotoxicity was seen on H1-HeLa cells either by chemical inhibition of PI4KIII␤ or upon siRNA knockdown for any of the tested lipid kinases over 7 days. This has also been noted by other groups (15, 42, 46) . Additionally, we were able to demonstrate antiviral activity without impact on cell viability in primary HBECs treated for 3 days with specific PI4KIII␤ inhibitors. In order to evaluate pharmacologic intervention in vivo, we wanted to explore inhibition in a pharmacodynamic model of CVB4 pancreatitis. Data were obtained from Lexicon Pharmaceuticals that the PI4KB mutant line (TF1995) is embryonic lethal in the homozygous state; however, the effect of inhibiting PI4KIII␤ over a shorter duration was not known (Lexicon Pharmaceuticals, personal communication). Compound 2 and T-00127-HEV1 were identified to be compounds active against enterovirus with good pharmacokinetics. Importantly, they are from two different structural classes. We hypothesized that this would allow in vivo assessment of the target-related tolerability by dissociating compound-related toxicity from target-related toxicity.
In preparation for evaluation in the pharmacodynamic model of CVB4 pancreatitis in SJL mice, repeat daily oral dosing of compound 2 and T-00127-HEV1 was performed over 7 days. Mortality was seen in all dosing groups except vehicle controls, therefore suggesting that short-term inhibition of PI4KIII␤ is deleterious in mice. No deleterious effects were seen in the prior single-dose pharmacokinetic experiment with CD-1 mice, and the C max s are similar for both compounds at 50 mg/kg in both CD-1 and SJL mice. However, the CD-1 mice were treated with compound 2 for only 4 h, and it is possible that other effects would have been seen upon longer treatment. We chose to not conduct a repeat dosing study in CD-1 mice for ethical reasons.
The background of SJL mice might also point to why this strain was more sensitive to treatment with the P4KIII␤ inhibitors than CD-1 mice. SJL mice have mutations in the dysferlin gene that increase susceptibility to spontaneous myopathy (61) . There are also human patient populations with mutations in the dysferlin gene, and these limb girdle muscular dystrophy patients are often diagnosed in late adolescence/young adulthood (62) . Muscle weakness and disease can be further exacerbated in SJL mice by administration of fausudil, a Rho kinase inhibitor, where decreased forelimb and hindlimb grip strength and decreased horizontal activity is reported (63) . Similar effects were seen upon administration of compound 2 and T-00127-HEV1. However, it is important to note that neither compound inhibits Rho kinase up to the tested concentration of 10 M (Invitrogen kinase panel). While the mortality seen in SJL mice could be associated with a genetic factor, deleterious effects should not have been seen with any strain tested. Recently, it was shown that selective PI4KIII␤ inhibitors from Novartis prevented proliferation of bone marrow cells and lymphocytes in vitro (64) . No observations were noted in rats dosed orally over 4 days. It is possible that the above deleterious results of PI4KIII␤ inhibition are species specific and not relevant to humans. However, these results underline the potential problems associated with pursuing this cellular target for antiviral therapy. The relevance to humans and the exact mechanism of the observed toxicity should be further examined.
Overall, the same ill effects were seen with both structural classes when administered orally, suggesting that short-term inhibition of PI4KIII␤ is deleterious. It is not known how much PI4KIII␤ activity and PI4P lipids are required for rhinoviral replication and if it would be possible to reduce systemic effects through intranasal administration. However, our data raise doubts on the safety of inhibiting PI4KIII␤ in order to prevent HRV-induced exacerbations.
FIG 3
Repeat dosing in SJL mice suggests that short-term inhibition of PI4KIII␤ is deleterious. Survival graphs after compound 2 and T-00127-HEV1 were dosed at 50 and 250 mg/kg over 7 days (n ϭ 20 for each dose).
